Heavy metal ions coexisting with salts in the contaminant water are difficult to remove due to the interference of salts. Herein, biochars were pyrolyzed by corn straw at different temperatures, aiming to remove Cr(VI) in the presence of salts. Results show that biochars had surprisingly selective adsorption of Cr(VI). X-ray photoelectron and X-ray absorption near edge spectra revealed that Cr(VI) was reduced to Cr(III). All the adsorption was conducted at pH~7, which differed from the previous studies that Cr(VI) could only be reduced at pH 2~4. Environmental persistent free radicals (EPFRs) on biochars were found to play the role in reducing Cr(VI) in neutral solutions, which was confirmed by electron spin resonance and free radical quenching. The biochar with EPFRs reveals a highly selective removal of Cr(VI), which has implications for the remediation of contaminated water. This work 2 provides a new insight into biochar's properties and potential environmental applications.
Introduction
Heavy metal contamination of soil and water has received increasing concern because it can cause a severe threat to human health and ecosystems. Heavy metal ions are normally toxic, cumulative, and non-biodegradable. Among the most commonly presented heavy metals, hexavalent chromium, Cr(VI), released from textile dying, tanneries, electroplating, and metallurgical smelting of chromite ore, is highly diffusive and a well-known carcinogen. Biochar, as the derivative of carbon-rich residues (e.g. wood, corn straw, grass, apricot stone), has increasingly attracted researchers' attention due to its abilities in improving soil fertility, sequestering carbon, realizing the transformation of waste and adsorbing pollutants (Chen et al., 2011; Godlewska et al., 2017; Lehmann et al., 2006) .
Being pyrolyzed at low temperature and free of activation agents make biochar less cost, although at the expense of high surface area, as compared to activation carbon.
One of the most intriguing advantages of biochars lies in the presence of plenty of functional surface groups, such as carboxyl, hydroxyl, and phenolic functional groups, which are potential to be the sites to bind heavy metal ions (Klasson et ), such that the reducible heavy metal ions with a less mobility can be produced and readily removed.
In this paper, environment-friendly biochars pyrolyzed from corn straw, were chosen to remove Cr(VI) in the presence of the competitive ions at a relatively higher concentration, with the aim to study the selective adsorption capacities of corn straw biochars on Cr(VI). Fourier Transform Infrared (FTIR) spectroscopy, X-ray photoelectron spectra (XPS), X-ray absorption near edge spectra (XANES) and electron spin resonance (ESR) were applied to elucidate the selective adsorption and removal mechanisms of Cr(VI) on the biochars. ESR was used to quantify biochar-based EPFRs and their effects on the removal of Cr(VI). By introducing H2O2
and C2H5OH as the competitive scavengers, the role of EPFRs in the removal of Cr(VI) was further investigated and elucidated.
Materials and methods

2.1.Biochar preparation
Corn straw was selected as the precursor to prepare biochars. The precursor was crushed and sieved through a 0.25 mm mesh. Then, it was put into a stainless steel reactor (10.5 cm in height and 6.5 cm in diameter) with a lid and heated in a muffle furnace at 300°C, 500°C and 700°C for 2 h. The products were allowed to cool at room temperature, followed by washing with 1 M HCl (36%-38%, Sinopharm
Chemical Reagent Co., Ltd.) and 3 M HF (40%, Sinopharm Chemical Reagent Co., Ltd.) solution to remove the ash materials. After drying in an oven at 105°C for 24 h, the biochars were lightly ground and homogenized before passing through a 210 µm sieve. The biochars pyrolyzed at 300°C, 500°C, and 700°C were labeled as C300, C500, and C700, respectively. Some biochars were further immersed into different concentrations of HNO3 (2, 6, 10, 14 M) to activate the surface of biochars. After shaking for 48 h, the solid products were washed with deionized water until the pH was ~7, and then oven-dried at 105°C for 24 h. C500 treated by 14 M HNO3 was referred as 14 M-C500.
2.2.Adsorption experiments
Adsorption isotherms were measured through a batch equilibrium experiment.
The ratio of solid adsorbents to solution used for the adsorption experiment and In order to study the removal efficiency of Cr(VI) by the biochars pretreated with H2O2 and ethanol, the biochars were immersed into 25 mL of H2O2 or ethanol at different concentrations and shaken for 12 h. The solid products were then collected, thoroughly washed with deionized water and oven-dried for 24 h. For immersing time series experiments, the biochars were mixed with 25 mL of 40 mM H2O2 and 0.1 mM ethanol, respectively. All the adsorption was conducted at pH~7.
2.3.Data Analysis
The adsorption amounts of Cr(VI) on the biochars were calculated by the following equation:
For the selective adsorption experiments, the removal efficiency, R%, was calculated as followed:
The adsorption isotherm models were used to describe Cr(VI) adsorption as follows: 
Results and discussion
Biochar characterization
SEM is used to characterize the morphology and surface structure of biochars.
C500 and C700, pyrolyzed at a higher temperature, clearly show a tunneling structure with micropores inside. In contrast, the low temperature product, C300, has an intact structure without any tunnels and visible pores. The similarity of the isotherm curves for C500 and C700 suggests that N2 adsorption on the samples may follow the same pattern because of their similar surface and pore structure. The N2 adsorption and desorption isotherm constitutes typical IV type curves with hysteresis loop of H4 for C500 and C700. As for C300, it is obvious that this gives a "S" shape which is described as type II isotherm. BET analysis reveals that the surface area of C300 is only 5.09 m 2 /g, which is much lower than surface areas of C500 (241.83 m 2 /g) and C700 (417.83 m 2 /g) (see Table 1 ). Total pore volume, mesopore volume and micropore volume increase with the increasing temperature. It is found that higher temperature promotes the formation of porous structure. The micro porosity of C300, The acid treatment leads to the reduction of ash ( Table 2 ). The content of oxygen decreases with the elevation of pyrolysis temperature, meaning the decrease of the oxygenated functional groups on the surface of biochars (de la Rosa et al., 2011).
From the IR spectra of biochars, it can be seen that the intensities of both OH stretching vibration of phenolic groups (3407 cm -1 ) and aromatic carbonyl/carboxyl C=O stretching vibration (1707 cm -1 ) drastically reduce with the increase of pyrolysis temperature (Özçimen and Ersoy-Meriçboyu, 2010). This suggests that oxygen containing groups, such as carboxylic and hydroxyl groups, on the surface of biochars decrease as the pyrolysis temperature arising, which is coincident with the elemental analysis.
Adsorption isotherms
For all the adsorption isotherms, the adsorption amounts of Cr(VI) increase with the increase of equilibrium Cr(VI) concentrations and then reach a constant value.
Different models are applied to fit the data and the obtained parameters are listed in Table 3 . Langmuir isotherms can fit quite well the data for C500 and C700, with the high correlation coefficients ( . K is the affinity parameter which is proportional to surface area. The surface area of C700 is 1.73 times the size of C500 (Table 1) , but there are no obvious difference for the maximum adsorption capacity. Combining with the elemental analysis, IR analysis and textural analysis of biochars, it can be reasonably deduced that the adsorption of Cr(VI) on C700 is mainly controlled by physical adsorption related to the surface area of adsorbent. The surface area of C300 is 5.09 m 2 /g and much smaller than the latter two biochars. The adsorption of Cr(VI) is highly related to oxygen containing groups on the biochar instead of the surface area for C300, on the basis of IR analysis, which is consistent with the previous report by that oxygen containing groups are involved in the adsorption of heavy metals (Ashkenazy et al. 1997 ). For C500, it is controlled by surface area and oxygen containing groups. 
Adsorption of Cr(VI) in salt solution
SEM-EDAX, XPS and XANES analysis
The presence of Cr on the biochars is checked by SEM-EDAX. EDAX mappings clearly show that Cr is homogeneously distributed on the surface of biochars. In order to analyze the valent state of Cr, high resolution Cr 2p XPS spectra are collected from three Cr(VI)-loaded biochars, C300, C500, and C700. As shown in Fig. 4d and Table 4 . For C500 and C700, the spectra consists of ~10% Cr(VI) and ~90% Cr(III), while for C300, almost all Cr(VI) on the surface of the biochar is reduced to Cr(III 
The effect of EPFRs on the removal of Cr(VI)
EPFRs It has been reported that semiquinone-type EPFRs are found in various environmental systems, which can transfer electron to molecular oxygen to produce superoxide radical ions (Fang et al., 2015b) . In this study, it is proved that oxygenated functional groups on the biochars are proved to facilitate the removal of Cr(VI).
Together with the previous studies, it can be hypothesized that semiquinone-type EPFRs on the biochars directly react with chromate by transferring electron to reduce Cr(VI), accompanied by forming quinone groups on the biochars. Quinone and hydroquinone has been identified in biochar (Rogovska et al., 2017) . The proposed mechanism is depicted in Fig. 5b .
In order to further verify the effect of EPFRs on the reduction and removal of Cr(VI), H2O2 and ethanol are used as the radical transfer or scavenger to decrease the concentration of free radicals (Kozmer et al., 2016) . As shown in Fig. 6a , the ESR measurements for the biochar after the treatment of H2O2 and ethanol reveal a pronounced decrease of EPFRs concentration from 3.96610 18 to 2.695 10 18 and 3.515 10 18 spins/g, respectively (see Table 5 ). As a result, the decrease of EPFRs on the treated biochars leads to an obvious suppress of the removal efficiency of Cr(VI).
It is shown in Fig. 6b-c Similar results are also acquired by using O2, instead of H2O2, to scavenge EPFRs, see the results in supporting information.
Conclusions
The biochars prepared from corn straw biomass show an excellent selective removal of Cr(VI) in the highly saline water. The removal efficiency of Cr(VI)
increased with the increase of the oxygenated functional groups on biochars from municipal sludge. Bioresour. Technol. 190, 388-394.
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